Abstract. The electrical properties of metallic carbon nanotubes (CNT) can rival, or even exceed, the best metals known. It is a potential candidate for future on-chip interconnect, whose performance will be dominant in the next generation integrated circuits. In this paper, a study on the modeling and simulation techniques for the CNT interconnect network is carried out. The frequency-independent models of CNT interconnects in terms of resistance, inductance and capacitance are summarized. A novel frequencydependent circuit model is proposed for CNT for various high-frequency applications. Preliminary analysis shows a good match between numerical simulations and the compact model. The proposed modeling and simulation techniques for CNT interconnect network are expected to play an important role in the future CNT nanotechnology applications.
Introduction
Carbon nanotubes (CNTs) were discovered in 1991 by Sumio Iijima while working at NEC Research Laboratories in Tsukuba, Japan [1] . Since the discovery of carbon nanotubes, there has been intense activity exploring the electrical properties of these systems and their potential applications in electronics [2, 3] . Experiments and theories have shown that the electrical properties of carbon nanotubes can rival, or even exceed, the best metals and semiconductors known. Thus, the carbon nanotube-based electrical circuits are very promising for the next-generation of VLSI industry [2] [3] [4] [5] .
There exist two kinds of carbon nanotubes. Multiwall nanotubes (MWCNTs) are more common and are rolled-up stacks of graphene sheets in concentric carbon nanotubes. A single-wall carbon nanotube (SWCNT) is a rolled-up shell of graphene sheet made of benzene-type hexagonal carbon rings. SWCNT technology shows significant promise in acting as both transistors and interconnects in future generations of VLSI circuits.
Compared with the conventional metal interconnections, SWCNTs can sustain a high current density without electro-migration problem. In this manner, it shows a great potential for electronic applications. In addition, the SWCNTs also overcome the high-resistance problem, often existing when the conventional metal interconnections are scaled down [3, 4] .
The RLC circuit model of SWCNTs has been recently established and the equations of parameters in the circuit model have been given [5] . Yet, so far, most of the equations are frequency-independent. In various high-frequency applications, the frequency-dependent impedance models are much useful. The goal of this paper is to express the RLC parameters as a function of frequency based on existing circuit model and the experimental results [3, 4] . Therefore, new frequency-dependent models for R, L, C of SWCNT interconnects are derived for high-frequency applications. Based on these new models, simulation results are obtained and compared with the experimental results.
Frequency-independent Circuit Model for SWCNT
SWCNT technologies are very promising for the future of VLSI circuit, and interconnect design. As shown in Fig. 1 , the frequency-independent model in terms of R, L, C has recently been derived for SWCNT interconnects [3, 4] . Resistance. The differential resistance of a nanotube is a function of the biased voltage as well as the length given by [3] [4] [5] :
where Θ (x) =1, for x<1, and Θ (x) =x+1, otherwise, V is the applied voltage, I is the current through the CNTs, λ is the mean free path (mfp), and d is the diameter of nanotube. This frequency-independent resistance model has been verified and the results are shown in Fig.2 [4] . Fig.2 . Differential resistance of a CNT: (a) for low bias (b) for high bias. Capacitance. According to the circuit model given by [3] , there are two kinds of capacitance involved in SWCNT interconnects. One is called Electrostatic Capacitance ( Q C ), which is the capacitance between a wire and ground plane. The other one is called Quantum Capacitance ( C C ) [3] . The equations of these two capacitances were derived from the energy stored in the small system and have been given by [3, 4] :
where ε is the permittivity, h and d are the distance between nanutube and ground plane and distance between two parallel nanotubes (as shown in Fig.1 ). The approximation in (Eq. 3) is valid for h>2d. The typical values of these two capacitances are similar. Thus, both these two kinds of capacitance are important during analysis. Inductance. Similar to the capacitance analysis, there also exist two kinds of inductance, Magnetic Inductance and Kinetic Inductance. The former one is
where d is the nanotube diameter and h is the distance to the ground plane. The approximation is also valid for h>2d [5] . The derivation of Kinetic Inductance was same as that of Magnetic Inductance. 
where α, the fine structure constant=1/137.
Frequency-dependent circuit model for SWCNT
It is well known that for high-frequency operations, conductive properties of the metal-based interconnects differ from those given by frequency-independent model. This phenomenon is known as skin effect. At high frequencies, the current magnitude is larger at the conductor surface than in its interior; thus, the effective conductor cross sectional area is reduced. Recently, the RLC parameters of SWNT were shown frequency dependent via experimental results [2] . Based on these results [2] , the real part of impedance Z decreases with the increased frequency. At high frequency, it will obey the power law of Based on the equations in previous section, a general expression for the impedance as function of frequency is given as:
where λ is the mean free path, F v is the Fermi velocity and for carbon nanotubes is usually taken as The frequency-dependent inductance can be expressed as:
Total impedance and wave propagation speed. The relationship of total R. L C impedance and frequency was derived and plotted in Fig.4 . The frequency-dependent impedance can be expressed as: 
Combining Eq.3, Eq.4 and Eq.13, we obtain:
In the above model, it is noticed that compared with the Kinetic Inductance, the Magnetic Inductance is small enough to be neglected. Therefore, the Magnetic Inductance is not included in the analysis. The wave propagation speed of SWCNT networks is an important parameter, which can be expressed as Solid State Phenomena Vols. 121-123 
From the above equations it can be seen that the wave propagation speed increases with the frequency.
Application of the proposed frequency-dependent model
In order to verify the efficiency of the proposed frequency-dependant model, the electrical properties of SWCNT using the proposed model Eq. 14 was simulated and compared with the testing results given in [2, 5] . The new model was simulated by using a frequency of 1 MHz. The parameters of SWCNT interconnects that used in this simulation are from [3] . An impulse function was applied to the circuit model for both frequency-independent and frequency-dependent respectively, and the impulse response was measured. The simulation results for the frequency-dependent model are shown in Fig.6 . The real part of Impedance is decreased with the frequency. The total impedance of frequency-dependent model was smaller than that of the frequency-independent counterpart at the same working frequency. Simulation results also verify this assumption. The output current of frequency-dependent model is 30% larger than the frequency-independent model for this 1MHz case. In addition, the response time of the RC delay of the frequency-dependent model is smaller than that of the frequency-independent model, because of the smaller imaginary part of the impedance. 
Conclusion
The remarkable properties of the SWCNTs make it ideal material for future VLSI design. In this paper, a novel frequency-dependent circuit model for SWCNT interconnects was developed by combining the previous frequency-independent circuit model and recent experimental results together. The frequencydependent model shows better accuracy than the frequency-independent models for high-frequency applications. Based on the proposed model, the simulation results have been obtained and compared with the experimental results. Further studies have to be carried out to find more detailed relationship between the circuit parameters as functions of frequencies.
